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Abstract 25
We hypothesize that phytoplankton have the sequential nutrient uptake strategy to 26 maintain nutrient stoichiometry and high primary productivity in the water column. 27
According to this hypothesis, phytoplankton take up the most limiting nutrient first until 28 depletion, continue to drawdown non-limiting nutrients and then take up the most limiting 29 nutrient rapidly when it is available. These processes would result in the variation of ambient 30 nutrient ratios in the water column around the Redfield ratio. We used high resolution 31 continuous vertical profiles of nutrients, nutrient ratios and on-board ship incubation 32 experiments to test this hypothesis in the Strait of Georgia. At the surface in summer, ambient 33
NO3
-was depleted with excess PO4 3-and SiO4 -remaining, and as a result, both N:P and N:Si 34 ratios were low. The two ratios increased to about 10:1 and 0.45:1, respectively, at 20 m. 35
Time series of vertical profiles showed that the leftover PO4 3-continued to be removed, 36 resulting in additional phosphorus storage by phytoplankton. The N:P ratios at the nutricline 37 in vertical profiles responded differently to mixing events. Field incubation of seawater 38 samples also demonstrated the sequential uptake of NO3
-(the most limiting nutrient) and then 39
PO4
3-and SiO4 -(the non-limiting nutrients). This sequential uptake strategy allows 40 phytoplankton to acquire additional cellular phosphorus and silicon when they are available 41 and wait for nitrogen to become available through frequent mixing of NO3 -(or pulsed 42 regenerated NH4). Thus, phytoplankton are able to maintain high productivity and balance 43 nutrient stoichiometry by taking advantage of vigorous mixing regimes with the capacity of 44 the stoichiometric plasticity. To our knowledge, this is the first study to show the in situ 45 dynamics of continuous vertical profiles of N:P and N:Si ratios, which can provide insight 46 into the in situ dynamics of nutrient stoichiometry in the water column and the inference of 47
Introduction 50
The stoichiometry of the C:N:P Redfield ratio (Redfield, 1958 ) remains a central 51 tenet in oceanography as it couples ecosystem processes with ocean biogeochemistry, which 52 is driven by physical processes in oceans. Redfield ratio of C:N:P varies widely across a wide 53 range of environmental conditions. Laboratory cultures of phytoplankton that are in the 54 steady state usually display variable cellular N:P ratios with the nutrient N:P supply ratios 55 (Geider and La Roche, 2002) . Recently, Martiny et al. (2013) found strong latitudinal patterns 56 of the elemental ratios, which are closely related with ambient levels of nutrients by making 57 comparative analysis of elemental ratios of organic matter between different latitudes. Even 58 at a fixed site, the Bermuda Atlantic Time-Series Study Station in the North Atlantic Ocean, 59
C: N: P ratio is quite variable (Singh et al. 2015) . Four mechanisms have been proposed to 60 explain the variability in C:N:P ratios in marine plankton, as summarized by Weber and 61 Deutsch (2010). The first mechanism emphasizes the relationship between cellular elemental 62 stoichiometry of phytoplankton and ambient nutrient ratios, i.e., the stoichiometry of 63 nutrients in the water column. Based on the average Redfield ratio, this mechanism has been 64 used to infer the most limiting nutrient for phytoplankton and to debate which nutrient, 65 nitrogen or phosphorus, should be managed to control eutrophication effects. The second 66 mechanism suggests that the elemental stoichiometry is taxonomy specific. Diatoms were 67 reported to drawdown nutrients with low C:P and N:P ratios (Geider and Based on the resource allocation theory, the third proposed mechanism is the "growth rate 72
hypothesis", which states that the elemental stoichiometry within a cell is controlled by the 73 biochemical allocation of resources to different growth strategies (Falkowski, 2000; Elser et 74 al., 2003; Klausmeier et al., 2004) . Fast-growing cells may have a lower N:P ratio due to a 75 larger allocation to P-rich assembly machinery of ribosomes (Loladze and Elser, 2011) , 76 whereas competitive equilibrium favors a greater allocation to P-poor resource acquisition 77 machinery and therefore, higher N:P ratios. The fourth mechanism is related to the 78 interference from dead plankton or organic detritus with the measurement of elemental 79 composition of organic matter, and such interference is difficulty to assess due to lack of the 80 measurements of non-living organic matters in oceans and coastal waters. However, the X-81 ray microanalysis (XRMA) technique was recently used to produce simultaneous quotas of C, 82 N, O, Mg, Si, P and S in single cell organisms (Segura-Noguera et al. 2016), which will not 83 only help to understand the fourth mechanism, but also understand the variability of 84 stoichiometry of phytoplankton in the oceans. 85
In culture experiments, continuous uptake of non-limiting nutrients has been 86 demonstrated for diatoms under N and Si limitation (Conway et al., 1976; Conway and 87 Harrison, 1977; Harrison et al., 1989) . Surge uptake of the limiting nutrient occurs when it is 88 added to the nutrient starved phytoplankton culture, while the uptake of the non-limiting 89 nutrient is slowed or stopped until the diatom has overcome its nutrient debt. Hence, the 90 sequence of which nutrient is taken up first is directly related to the nutrient status of the 91 phytoplankton. It is difficult to assess the nutritional status of phytoplankton in the field, but 92 the application of laboratory results to the interpretation of vertical nutrient profiles can 93 provide information on their nutritional status. To date, there have been no studies of 94 sequential uptake of nutrients in the field using a series of high resolution vertical profiles of 95 nutrients and their application to nutritional status of the phytoplankton. 96
In this study, we used high resolution continuous vertical profiles of N:P and N:Si 97 ratios to examine how N:P and N:Si ratios respond to the mixing in a highly dynamic coastal 98 water column and the uptake of nutrients. On-board ship incubation experiments were 99 conducted to support the observations of changes in vertical profiles of N:P and N:Si ratios. 100
We constructed seven conceptual profiles to illustrate how a vertical profile of N:P ratios 101 changes with mixing and uptake of nitrogen and phosphorus and how they could indicate the 102 nutritional status of the phytoplankton assemblage. The conceptual model also explains how 103 N:P ratios respond to mixing, particularly at the nutriclines (nitracline for NO3 -, phosphacline 104 for PO4 3-and silicacline for SiO4 The Strait is biologically productive, reaching a daily production of up to 5 g C m -2 day -1 and 118 annual production of up to about >300 g C m -2 yr -1 (Harrison et al., 1983 (Harrison et al., , 1991 , but 119 inorganic nitrogen is often undetectable in productive seasons in the surface layer. The 120 nutricline sitting within the euphotic zone is often associated with the pycnocline. In the 121 Strait, the ambient N:P ratio of nutrients is ~10:1, similar to other coastal areas (Hecky and 122 Kilham, 1988) . 123
We illustrate the conceptual model of variability in vertical profiles of N:P ratios based 124 on seven (C0 to C6) vertical profiles that we encountered in our field studies and suggest 125 events that likely occurred to produce these nutrient profiles (Fig. 1) . 126 C0: in winter or after a strong wind speed event, the water column is homogeneously 127 mixed, and NO3 -and PO4 3-are uniformly distributed in the water column. C1: with the onset 128 of stratification, NO3 -and PO4 3-are taken up within the mixed layer. Assuming that the 129 average nutrient uptake ratio is 16N:1P, a N:P uptake ratio that is >10:1 would decrease the 130 ambient N:P ratio to <10:1. C2: the uptake of NO3 -and PO4
3-proceeds at a N:P ratio >10:1 131 until NO3
-is just depleted. At this time the N:P ratio is near 0 and some PO4 3-remains in the 132 water column. C3: the remaining PO4 3-is completely taken up and stored as extra/surplus 133 intracellular PO4 3-. C4: after cross-pycnocline mixing occurs, the ambient N:P ratio in the 134 newly mixed water should be the same as the ratio in the deep water. As a result, the vertical 135 profile of the N:P ratio will form a right angle on the top part of the nutricline. C5: depending 136 on how long the phytoplankton are nutrient limited, their response to the mixed limiting 137 nutrient can be different. When N deficient phytoplankton take up N only, the curve of the 138 N:P ratio parallels the NO3 -distribution curve and PO4 3-is left behind in the water column. 139 C6: on the other hand, if phytoplankton take up PO4 3-before NO3 -(e.g. if phytoplankton 140 were severely N starved, and there is a lag in NO3 -uptake), the N:P ratio would be higher at 141 the nutricline than below (Fig. 1) . 142
Similarly, this conceptual model can be applied to N, As the average uptake ratio of N:Si is about 0.7-1:1 (equivalent to Si:N = 1.5-1:1) 145 (Brzezinski, 1985) , the N:Si ratio decreases with depth. SiO4
-is rarely depleted and therefore, 146 the N:Si ratio is mainly determined by the distribution of NO3 -. The continuous uptake of 147
SiO4
-without the uptake of NO3 -can be inferred based on the comparison between the 148 gradient of N:Si and the silicacline. For example, a sharper gradient of the N:Si ratio than the 149 silicacline would indicate the continuous uptake of SiO4
-without the uptake of NO3 -as in C5 150
Materials and Methods 152

Station Locations 153
The transect started from station S2, 8 km beyond the Fraser River mouth and under 154 the influence of the river plume and extended 108 km NW to S1 (well beyond the plume) in 155 the Strait of Georgia (Fig. 2) . The station numbers are consistent with previous studies (Yin et 156 al., 1997a) . 157
Sampling and Data Processing 158
The sampling was designed to investigate the distribution of nutrients (NO3 
Analysis of Nutrients 176
All nutrients were determined using a Technicon AutoAnalyzer II. Salinity effects on 177 nutrient analyses were tested on board ship and were found to be small. Therefore, no 178 correction was made for salinity effects. NO3 analyzer, using the dry combustion method described by Sharp (1974) . 184
Field Incubation Experiments 185
Incubation experiments of water samples were conducted to examine the 186 disappearance and change in ambient nutrient ratios in the water samples from different 187 
203
and SiO4 -was 7-8, 1.3-1.6 and 10-12 µM, respectively. The incubations lasted for 26 h, and 204 subsamples were taken every 1 h during the first 6 h for measurements of fluorescence and 205
nutrients. 206
Vertical profiles and seawater samples for in-situ incubation which were used in this 207 study were collected at different stations and different sampling times. Water column 208 conditions such as salinity, temperature and fluorescence have been described in the listed 209 publications as shown in Table 1 . 210
Results
212
Vertical Profiles of Nutrients and Nutrient Ratios 213
At S3 near the edge of the Fraser River plume, the profiles documented changes 214 before (T1) and after wind mixing (T7). At T1, both NO3 -and PO4 3-were low in the surface 215 layer and N:P ratios were low (<2:1) and increased to ~8:1 at 20 m (Fig. 3) . At T7, higher N:P 216 ratios of 16-20:1 occurred due to an increase in NO3 -in the deep water. SiO4 -was ~30 µM at 217 the surface due to input from the Fraser River, and increased to 37 µM at 20 m (Fig. 3) . The 218 N:P ratio curve nearly formed a right angle at the top of the nutriclines at T7 when the 219 gradient of the nitracline was larger than that of the phosphacline. At T1, the N:Si ratio was 220 near 0 because NO3 -was near the detection limit, but started to increase along the nitracline 221 at the depth of the SiO4 -minimum. At T7, N:Si increased more rapidly with the nitracline. 222
A strong wind speed event occurred on August 7 and the water column was mixed 223 (Yin et al., 1997b) . We followed the change in the nutrient profiles and nutrient ratios from 224 S3 near the Fraser River plume, to P4 and P6 and the well beyond the plume to S1. At S3, 225 N:P ratios in the water column were >7:1 when both NO3 -and PO4 3-were high after wind 226 mixing, with N:Si ratios being <0.5:1 (Fig. 4) . As the post-wind bloom of phytoplankton 227 developed along P4-P6 due to the newly supplied nutrients (Yin et al., 1997b) , N:P ratio 228 followed the distribution of NO3 -at P4, and decreased to 0 as NO3 -was depleted at the 229 surface at P6 (Fig. 4) . It was clear that little PO4 3-was consumed while NO3 -was taken up. At 230 the same time, the silicacline deepened and paralleled the nitracline. At S1, N:P and N:Si 231 ratios formed almost a vertical line. N:P and N:Si ratios were ~8:1 and 0.5:1, respectively, in 232 the deep water (Fig. 4) . 233
The time series (T1, T3, T8 and T11) of Aug 8-9 captured changes over 1 or 2 days 234 after the wind mixing event at S1 that was well beyond the river plume (Fig. 5) . At T1, N:P 235 and N:Si ratios were ~9:1 and 0.45:1, respectively, with NO3 -and PO4 3-being 15 and 1.7 µM, 236 respectively, at the surface. At T3, N:P ratio remained constant at ~9:1, while NO3 -and PO4
3-
237
decreased by 10 and 1.0 µM, respectively, indicating an uptake N:P ratio of 10:1. In 238 comparison, N:Si ratio decreased from T1 to T3 when SiO4 -was 35 µM at T1 and decreased 239 by >10 µM at T3, producing an uptake N:Si ratio of ~1:1. At T8, N:P ratio followed the NO3 -240 distribution as NO3 -decreased to ~0 µM at the surface while PO4 3-was still ~0.5 µM. This 241 indicated that NO3 -uptake was more rapid than PO4 3-uptake and hence NO3 -mainly 242 determined the ambient N:P ratios. The N:Si uptake ratio of ~1:1 continued until T8. 243
However, at T11, the N:P ratio spiked higher in the top 5-10 m of the nutricline, suggesting a 244 more rapid uptake of PO4 3-relative to NO3 -in the upper portion of the phosphacline (Fig. 5) . 245
Changes in the profiles after the wind event on Aug 7 were followed over 5 days (Aug 246 10 -14) at P5 that was still within the influence of the river plume as evidenced by the higher 247 surface SiO4 -at the surface (Fig. 6 ). On Aug 10-11, N:P ratios were higher at the surface 248 where the post-wind induced bloom occurred two days earlier, suggesting that uptake of 249
PO4
3-had caught up with uptake of NO3 -. The right angle shape of the N:P ratio on Aug 12 250 occurred as the nutriclines became sharper due to entrainment of nutrients. By Aug 13, more 251
NO3
-was taken up at depth and the N:P ratio followed the deepening of the nitracline and 252
PO4
3-was left behind. On Aug 14, PO4 3-started to decrease. During Aug 10-14, a minimum 253 in SiO4
-was present at an intermediate depth (5-10 m), coinciding with the top of the 254 nitracline, and the silicacline followed the nitracline below 10 m. 255
Changes in Nutrient Ratios During Field Incubations 256
On deck incubation experiments were used to examine changes in uptake ratios by 257 eliminating any effects due to mixing. Ambient N:P and N:Si ratios were lower at the surface 258 than at depth, indicating higher uptake of NO3 -at the surface. The indication of a higher 259 The temporal decline in the N:P and N:Si ratios resembled the temporal progression during a 264 bloom as illustrated in C0-C3 of the conceptual profiles ( Fig. 1 ) and in the water column (S3, 265 P4, P6) on August 8 (Fig. 4) and during the time series at S1 (Fig. 5) . During the incubation, 266 both PO4 3-and SiO4 -continued to be drawn down after NO3 -became undetectable (Fig. 7) . In 267 an earlier incubation experiment at S3 near the end of the phytoplankton bloom on June 8, 268
PO4
3-was depleted at 1 m, and both NO3 -and SiO4 -continued to disappear with 2 μM NO3 -269 and 4 μM SiO4 -being taken up. However, for the sample taken at 16 m, PO4 3-(~0.5 μM) and 270
SiO4
-(~5 μM) continued to disappear after 1.25 μM NO3 -was depleted after 8 h (Fig. 8) . 271
The water sample at S1 on June 4 was incubated for 30 h without an addition of 272 nutrients ( Fig. 9-1) . The initially low NO3 -, and PO4 3-remained near depletion levels during 273 the incubation, but ambient SiO4 -decreased from 9 to <1 µM ( Fig. 9-1) , which was an 274 additional 8 µM SiO4
-taken up in excess in relation to N and P. At the end of 30 h, nutrients 275 were added (Fig. 9-2) . Both ambient NO3 -and PO4 3-rapidly disappeared during the first 6 h, 276 while ambient SiO4 -decreased little ( Fig. 9-2) , indicating a sequential uptake of NO3 -and 277
PO4
3-since 8 µM SiO4 -was previously taken up as shown in Fig. 9-1 . The ambient N:P ratio 278 decreased faster in the samples with a single addition of NO3 -or PO4 3-alone (+N/+P) than 279 that with additions of NO3 -and PO4 3-together (+N+P) (Fig. 9-3 ), suggesting an interaction 280 between the uptake of NO3 -and PO4 (Fig. 9-3) . 284
Discussion 285 286
The Strait is highly productive, reaching up to 2,700 mg C m -2 d -1 in August (Yin et 287 al. 1997b ). This is due to pulsed nutrient supplies and multiple phytoplankton blooms in 288 the shallow photic zone interacting with wind events (Yin et al. 1997b) , and fluctuations in 289 river discharge (Yin et al., 1997a; Yin et al., 1995c) . Our results revealed sequential nutrient 290 uptake as a potential mechanism to optimize nutrient uptake efficiency and generate high 291 primary productivity by phytoplankton by taking advantage of pulsed nutrients in this highly 292 dynamic relatively shallow photic zone. 293
Responses of N:P and N:Si ratios to vertical mixing and uptake of nutrients 294
A vertical profile of N:P and N:Si ratios represents a snapshot of the mixing and the 295 uptake of N, P and Si by phytoplankton in the water column. The depletion zone of the most 296 limiting nutrient in the euphotic zone ends at a depth where the uptake of nutrients just 297 balances the upward flux of nutrients through the nutracline, as indicated in C3 in the 298 conceptual profiles (Fig. 1) . Different responses of nutrient uptake to pulsed nutrients by 299 mixing appeared to depend on the previous stability of the water column, the depth of the 300 euphotic zone and nutritional status of phytoplankton. Our observations spanned all seven 301 conceptual profiles (Fig. 1) and indicated the dynamic processes influencing the sequence of 302 nutrient uptake. The change in the profiles of the N:P ratio from S3 to P6 (Fig. 4) displayed  303 the spring bloom-like progression as illustrated in conceptual profiles of C0-C3 (Fig. 1) after  304 the wind mixing event. Various responses illustrated in the conceptual profiles C4, C5 and C6 305 (Fig. 1) were observed in the observations, including the right angle in the N:P ratio (T7- Fig.  306 3, P5 Aug 12, Fig. 6 ), parallel lines between the nitracline and the N:P ratio curve on Aug 12, 307 (Fig. 6) , and a spike in the N:P ratio curve at T11 at S1 due to continued uptake of PO4 3-with 308
NO3
-being depleted during the time period from T1 to T8 (Fig. 5) , which was frequently 309 observed on Aug 10 at P5 (Fig. 6) . The recycling of nutrients in different preferences such as 310 faster P regeneration than N, which in turn is recycled faster than Si, also contributes to the 311 variability of nutrient ratios as shown above. 312 313
Sequential Nutrient Uptake for Balanced Stoichiometry and Nutritional 314
Optimization 315 Phytoplankton can take advantage of the dynamic mixing regimes and optimize their 316 growth rates by taking up nutrients sequentially. The disappearance of nutrients during the 317 incubation resembled the temporal progression of a bloom as illustrated in C0-C3 of the 318 conceptual profiles (Fig. 1) and in the water column (S3, P4, P6; Fig. 4) , or during the time 319 series at S1 (Fig. 5) . enhanced N uptake quickly overcomes the N debt since the enhanced uptake rate is many 328 times faster than the growth rate (Conway et al., 1976) . For example. enhanced uptake of 329 phosphorus could double internal P within 5 min to 4 h depending on the degree of P 330 limitation and the pulsed PO4 3- (Healey, 1973) . After the nutrient debt has been overcome by 331 enhanced uptake, the uptake of non-limiting nutrients returns to normal after the cell quota of 332 the limiting nutrient is maximal (Collos, 1986) . The sequential uptake of a limiting nutrient 333 and then the uptake of both the non-limiting and limiting nutrient is advantageous to allow 334 phytoplankton to maintain maximum growth rates over several cell generations. 335
Significance of Sequential Uptake of Nutrients 336
There are two essential strategies used by phytoplankton to cope with the limiting 337 nutrient (Collos, 1986) . One strategy is the 'growth' response where phytoplankton uptake of 338 the limiting nutrient and cellular growth are coupled when the limiting nutrient is available. 339
The other strategy is the "storage" response where phytoplankton have the capability of 340 accumulating large internal nutrient pools, resulting in extensive uncoupling between uptake 341 and growth, and a lag in cell division of up to 24 h following a single addition of the limiting 342 nutrient. The former strategy would have the competitive advantage under frequent pulses of 343 the limiting nutrient, whereas the latter strategy presents an ecological advantage when the 344 nutrient pulsing frequency is lower than cell division rate. A phytoplankton assemblage can 345 be assumed to contain both strategists in the water column. Phytoplankton species 346 composition in subsurface waters was more or less similar at 3 stations, S1, S2 and S3 347 considering a span of 100 km across a large salinity gradient (Clifford et al. 1992) . 348
Cryptomonads and Chrysochromulina spp and Micromonas pusilla were dominant at S2, S3 349 and S1 in cell density (Clifford et al. 1992 ). The common diatom species included 350
Chaetoceros spp, and Thalassiosira spp. (Clifford et al. 1992) , which are said to use the 351 'growth' and 'storage' strategies, respectively (Collos 1986 ). At Stn S2, the chlorophyll 352 maximum at 7 m on August 7 contained 4 times more phytoplankton cells than at the surface 353 uptake strategy allows some phytoplankton species to use the "storage" capacity for non-362 limiting nutrients and other phytoplankton species to use the "growth" response for the most 363 limiting nutrient when it becomes available by mixing processes. 364 Sequential uptake of nutrients by phytoplankton can be a fundamental mechanism in 365 maintaining high productivity in the water column where there are frequent mixing events in 366 coastal waters. The sequential uptake strategy largely occurs at the nutraclines near or at the 367 bottom of the photic zone. There is a consistent association between the nutriclines and the 368 chlorophyll maximum in various aquatic environments (Cullen, 2015) and it is also common 369 in the Strait (Harrison et al., 1991) . There is a frequent upward flux of nutrients through the 370 nutricline due to entrainment in the Strait (Yin et al., 1995a , b and c) and by internal waves in 371 the open ocean (Pomar et al. 2012) . Phytoplankton in the chlorophyll maximum are generally 372 exposed to nutrients and when these cells are brought up to the surface during entrainment or 373 wind mixing (Yin et al., 1995a) , they can quickly photosynthesize (Yin et al., 1995c) . When 374 phytoplankton exhaust the most limiting nutrient, their internal nutrient pool decreases and 375 they sink down to the nutriclines, possibly due to the formation of clumps and take up the 376 abundant nutrients there. Thus, the cycle of sequential uptake of limiting and then the non-377 limiting nutrients may reduce nutrient deficiency in phytoplankton. 378
Sequential uptake of nutrients can be an important process to maintain the phytoplankton 379 nutrient stoichiometry. Carbon fixation continues after a nutrient becomes deficient (Elrifi 380 and Turpin, 1985; Goldman and Dennett, 1985) and the storage of organic carbon of a higher 381 POC:N ratio is common in phytoplankton (Healey, 1973) . When phytoplankton cells with 382 excessive organic carbon due to limitation of a nutrient, sink from the upper euphotic zone to 383 the nutricline where light becomes limiting, uptake of other nutrients occurs by utilizing 384 stored organic carbon, leading to an increase in the cellular N and P quotas. Thus, the ratios 385 of carbon to other nutrients approach optimum stoichiometry. POC:N ratios at Stn S2 and S3 386 were observed to be between 6:1 and 7:1 in the water column, even though both ambient 387
NO3
-and PO4 3-were near detection limits (Fig. 10) . In addition, POC:N ratio was slightly 388 higher than 7:1 (Fig. 10) at Stn S1 where nitrogen was more frequently under detection limit 389 than Stns S2 and S3. This might suggest the lack of ambient nitrogen limitation on the 390 cellular nutrient stoichiometry. However, using C:N ratio in particular matter to infer the 391 nutrient limitation has its limitation as particular C:N ratios do not necessarily reflect 392 phytoplankton elemental composition alone, especially in estuarine influenced waters. 393
Conclusion 394
The use of in-situ continuous vertical profiles in this study shows a high variability of 395 ambient N:P and N:Si ratios in the water column, suggesting the dynamics of nutrient uptake 396 ratios, as illustrated in the conceptual model of Fig. 1 . The incubation experiments 397 demonstrated the sequential uptake of nutrients by phytoplankton, which suggests that 398 deficiency of a nutrient that is based on the ambient nutrient ratio could be transient and 399
overcome by the sequential uptake of the most limiting nutrient and non-limiting nutrients. 400
The capacity of sequential uptake of nutrients is an important strategy for phytoplankton to 401 maintain high primary productivity and near optimum cellular nutrient stoichiometry in the 402 water column. The sequential nutrient uptake strategy also offers another mechanism for the 403 explanation of the variability in the nutrient stoichiometry of phytoplankton in the euphotic 404 
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